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The preimplantation development of the mouse embryo leads to the divergence of the first two cell lineages, the inner cell mass and the
trophectoderm. The formation of a microvillus pole during compaction at the eight-cell stage and its asymmetric inheritance during mitosis
are key events in the emergence of these two cell populations. Ezrin, a member of the ERM protein family, seems to be involved in the
formation and stabilization of this apical microvillus pole. To further characterize its function in early development, we mutated the key
residue T567, which was reported to be essential for regulation of ezrin function through phosphorylation. Here, we show that expression of
ezrin mutants in which the COOH-terminal threonine T567 was replaced by an aspartate (to mimic a phosphorylated residue; T567D) or by
an alanine (to avoid phosphorylation; T567A) interferes with E-cadherin function and disrupts the first morphogenetic events of
development: compaction and cavitation. The active mutant ezrin-T567D induces the formation of numerous and abnormally long microvilli
at the surface of blastomeres. Moreover, it localizes all around the cell cortex and inhibits cell–cell adhesion and cell polarization at the eight-
cell stage. During the following stages, only half of the embryos are able to compact and finally to cavitate. In those embryos, the amount of
ezrin-T567D decreases in the basolateral areas, while the proportion of adherens junctions increases. The reverse inactive mutant ezrin-
T567A is mainly cytoplasmic and does not perturb compaction at the eight-cell stage. However, at the 16-cell stage, it relocalizes at the
basolateral cortex, leading to a strong decrease in the surface of adherens junctions, and finally, embryos abort development. Our results show
that ezrin is directly involved in the formation of microvilli in the early mouse embryo. Moreover, they indicate that maintenance of ezrin in
basolateral areas prevents microvilli breakdown and inhibits the formation of normal cell–cell contacts mediated by E-cadherin, thereby
impairing blastomeres polarization and morphogenesis of the blastocyst.
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Introduction to the embryo proper and to some extraembryonic structuresAt the end of the preimplantation development, the
mouse embryo, called blastocyst, is composed of a layer
of epithelial cells, the trophectoderm, which encloses a mass
of undifferentiated cells, the inner cell mass, and a cavity,
the blastocoel. The divergence between these two popula-
tions is a crucial process, since the trophectoderm will form
embryonic annexes, while the inner cell mass will give rise0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.03.024
Abbreviations: ERM, ezrin/radixin/moesin; GFP, green fluorescent
protein; PIP2, phosphatidylinositol 4,5-bisphosphate.
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The mechanisms that control the emergence of these two
lineages remain unknown. However, the polarization of
blastomeres during compaction at the 8-cell stage and the
existence of asymmetric divisions during the 8- to 16-cell
stage transition are key events for this divergence. During
compaction, blastomeres flatten upon each other through E-
cadherin interactions and become polarized along an api-
cobasal axis. Some cytoplasmic components become asym-
metrically distributed, and the cortex is modified in a way
that microvilli, which were present all around the cell
surface until the eight-cell stage, disappear from cell
contact areas and are stabilized at the apex of the blasto-
mere to form a pole of microvilli (Johnson and Maro, 1986;
Reeve and Ziomek, 1981). During the following mitosis,
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microvilli remains stable (Johnson et al., 1988). At the end
of mitosis, blastomeres that have inherited a sufficient
proportion of this apical pole of microvilli will recover a
cytoplasmic polarity during the 16-cell stage and will stay
at the periphery of the embryo. Other cells will be inner
and nonpolarized (Johnson and Maro, 1986). This mecha-
nism also takes place during the transition from the 16- to
the 32-cell stage. After compaction, outer cells will pro-
gressively differentiate into epithelial cells to form the
trophectoderm (for review, see Fleming and Johnson,
1988 and Johnson and Maro, 1986). At the 32-cell stage,
the trophectoderm is fully functional and allows the for-
mation of the blastocoelic cavity. Blastocoel formation and
expansion rely on a strict segregation of membrane trans-
porters to either the apical or the basolateral domain
(Watson et al., 1990) and require mature junctional com-
plexes to maintain the epithelium integrity (Collins and
Fleming, 1995; Sheth et al., 2000).
In an attempt to understand the mechanisms involved in
the formation and the stabilization of the apical pole of
microvilli, we became interested in ezrin, a protein involved
in the formation of microvilli in epithelial cells.
Ezrin belongs to the ERM (ezrin/radixin/moesin) protein
family (Bretscher et al., 2000; Louvet-Valle´e, 2000). These
proteins link the actin cytoskeleton to the plasma membrane
and play a role in the formation of actin-rich membrane
structures, such as microvilli, and in cell adhesion (Chen et
al., 1995; Crepaldi et al., 1997; Kondo et al., 1997; Takeuchi
et al., 1994). ERM proteins interact with the plasma mem-
brane and with actin through their N- and C-terminal
domains, respectively (Turunen et al., 1994). Due to an
intramolecular head-to-tail association of the N- and C-
terminus moieties, both the actin- and membrane-binding
domains are masked in the native full-length ERM proteins
(Bretscher et al., 1995) leading to an inactive form.
The regulation of ERM function remains poorly under-
stood, but transition from the cytosolic dormant inactive state
to a membrane-bound activated form of ERM is thought to
require two successive steps. First, binding of phosphatidy-
linositol 4,5-bisphosphate (PIP2) appears to be required to
address ezrin in membrane structures such as microvilli
(Barret et al., 2000; Fievet et al., 2004; Heiska et al., 1998;
Hirao et al., 1996; Niggli et al., 1995). A second essential
factor is phosphorylation. ERM proteins are highly phos-
phorylated. Various studies indicated that the phosphoryla-
tion of ERM on their C-terminal threonine residue (T567 in
ezrin, T564 in radixin, and T558 in moesin) is a key event in
the regulation of their cross-linking activity (Huang et al.,
1999; Matsui et al., 1998; Shaw et al., 1998). More recent
data using single amino-acid mutants of moesin or ezrin in
which this threonine residue was replaced by an aspartate
(which is predicted to mimic the phosphorylation state) or by
an alanine (nonphosphorylatable mutant) showed that phos-
phorylation of this residue plays a crucial role in the
formation of microvilli and in the regulation of ERM activityin cultured cell lines (Gautreau et al., 2000; Oshiro et al.,
1998; Yonemura and Tsukita, 1999). Finally, dephosphory-
lation is thought to trigger deactivation of ezrin, because in
vivo dephosphorylation of ezrin correlates with microvilli
breakdown (Chen and Mandel, 1997).
In the mouse early embryo, ezrin follows exactly the
distribution of microvilli; it is restricted to the apical pole of
blastomeres at compaction, remains associated with this pole
of microvilli during mitosis, and is detected only at the apical
pole of outer cells during blastocyst formation (Louvet et al.,
1996). Our data also indicated that ezrin could be involved in
the formation and/or in the stabilization of the apical micro-
villus pole (Louvet-Valle´e et al., 2001) and could play an
important role in epithelial differentiation during blastocyst
morphogenesis (Dard et al., 2001). Different phosphorylated
forms of ezrin can be detected during early development, and
interestingly, a new posttranslational modified ezrin form
appears at the eight-cell stage, namely, at the stage when
compaction and polarization of blastomeres occur (Louvet et
al., 1996). This form is not phosphorylated on tyrosine but is
likely to be phosphorylated on serine and/or threonine
residues (Louvet-Valle´e et al., 2001). While compaction
can take place without protein synthesis (Levy et al.,
1986), several studies have shown that phosphorylation is
likely to play an important role in the control of compaction
in the mouse early embryo (Bloom, 1991; Bloom and
McConnell, 1990; Winkel et al., 1990).
Here, we report on the role of phosphorylation of ezrin
on threonine 567 during early mouse embryo development
and how this event must be tightly regulated for proper
development. Our results indicate that this phosphorylation
is important for the ability of ezrin to induce microvilli at the
surface of mouse blastomeres. In addition, we show that
misregulation of ezrin localization and activity disrupts
compaction at the eight-cell stage. Finally, our data strongly
suggest that phosphorylation of T567 in ezrin is required to
allow the removal of ezrin (and microvilli) from basolateral
areas at compaction and thus for the formation of E-
cadherin-mediated cell–cell contacts.Materials and methods
Recovery and culture of mouse embryos
Female OF1 (IFFA CREDO) were superovulated by
intraperitoneal injections of five international units of preg-
nant mare serum gonadotrophin (PMSG, Intervet), followed
by human chorionic gonadotrophin (hCG, Intervet) 48 h later.
To obtain embryos, females were mated overnight with OF1
males and checked for vaginal plugs the next morning. In
these conditions, fertilization occurs about 12 h post-hCG.
Two-cell stage embryos were collected by flushing oviducts
in M2 medium containing 4 mg/ml bovine serum albumin
(M2+BSA; Fulton and Whittingham, 1978), and they were
then cultured in T6 medium containing BSA (T6+BSA;
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dishes at 37jC in 5% CO2.
For immunofluorescence and electron microscopy
experiments, zonae pellucidae were removed by a brief
incubation in Tyrode acid solution (Nicolson et al., 1975).
Antibodies
The rabbit antibody raised against human recombinant
ezrin (kindly provided by P. Mangeat) has been characterized
previously (Andre´oli et al., 1994; Louvet et al., 1996). The
monoclonal anti-E-cadherin antibody ECCD2was purchased
from Takara. The rhodamine-conjugated antirabbit Ig anti-
bodies were purchased from KPL. The texas red-conjugated
antirat Ig antibodies were purchased from Molecular Probes.
Site-directed mutagenesis
To substitute the COOH-terminal threonine 567 with an
alanine (T567A) or an aspartate (T567D), we performed
PCR reactions on the plasmid containing full-length ezrin
tagged at the C-terminal position with the GFP (Dard et al.,
2001). The oligonucleotides used to introduce the T567D
and T567A mutations in ezrin were (5V–3V) CGGGA-
CAAGTACAAGGACCTGCGGCAGATCCG and
CGGGACAAGTACAAGGCGCTGCGGCAGATCCG, re-
spectively. Samples were denatured at 95jC for 30 s and
then subjected to 16 or 12 cycles of amplification (95jC, 30
s; 55jC, 1 min; 68jC, 12 min) for the T567D and T567A
mutations, respectively.
In vitro messenger-RNA synthesis
We produced mRNAs encoding ezrin-T567D/GFP and
ezrin-T567A/GFP. In vitro synthesis of mRNA was per-
formed as described previously (Dard et al., 2001). Briefly,
mRNA synthesis was performed on linearized plasmids with
the mMessage mMachine kit (Ambion) according to the
manufacturer’s instructions. The mRNAs were then purified
using RNeasy kit (Qiagen) and eluted in DEPC water.
Microinjection of mRNAs
The in vitro-synthesized mRNAs were microinjected into
the cytoplasm of one or two cells of late 2-cell stage
embryos (36–38 h postfertilization) to avoid any degrada-
tion of the microinjected mRNA during the 2-cell stage
(Flach et al., 1982). Microinjection (about 10 pl of a 0.25-
Ag/Al solution of mRNA) was performed using an Eppen-
dorf microinjector connected to a micromanipulated system
(Leitz). Embryos were kept in M2+BSA during injection
and then cultured in T6+BSA at 37jC, in an atmosphere
containing 5% of CO2. Twenty to sixty embryos were
microinjected per session, and each experiment was repeat-
ed at least three times. Noninjected embryos and embryos in
which mRNAs encoding wild-type ezrin fused to GFP wereinjected (ezrin/GFPc; this construct has no effect on devel-
opment; Dard et al., 2001) were used as controls.
Video-microscope analysis
Injected embryos and control embryos were cultured in
T6+BSA under paraffin oil in a specially designed chamber
adapted to the video microscope, maintained at 38jC, and in
which air with 5% CO2 was injected (all the analyses of the
effects of this technique were described previously in Dard
et al., 2001).
Acquisitions were performed every 30 min alternatively
using phase contrast to follow embryo development (illu-
mination: 50 ms) and epifluorescence to follow the locali-
zation of exogenous ezrin (illumination: 2 s with a log 2
neutral density filter). For each movie, at least two control
embryos were mixed to injected embryos in the field of the
camera to control that conditions of culture and UV illumi-
nations were not deleterious for embryos. Moreover, a
higher number of control embryos (between 10 and 20)
were also placed in the video-microscope chamber (but not
in the field of the camera) to estimate the percentage of
control embryos that had reached the blastocyst stage.
Analysis of development
Compaction corresponds to the time when blastomeres
flatten upon each other. Transition to the following stage is
easy to determine as blastomeres rounded before division.
Since blastomeres divide asynchronously in mouse embryo,
entry into the different cell stages corresponds to the time
when the first cell divides.
Embryo fixation and immunocytological staining
Zonae-free embryos were placed in specially designed
chambers previously coated with 0.1 mg/ml concanavalin A
(Sigma) in phosphate-buffered saline (PBS) as described by
Maro et al. (1984). After centrifugation at 450  g for 10
min at 37jC, samples were fixed in 3.7% formaldehyde
(BDH) in PBS for 30 min at 37jC, neutralized with 50 mM
NH4Cl in PBS for 10 min, and postpermeabilized with
0.25% Triton X-100 in PBS for 10 min. Ezrin staining
was performed by incubating the fixed samples with the
anti-ezrin antibody diluted 1:300 in PBS/Tween/BSA (PBS
containing 0.1% Tween-20 and 3% BSA) for 30 min,
followed by an incubation in rhodamine-conjugated anti-
rabbit Ig antibodies diluted 1:50 (in PBS/Tween BSA) for
30 min. For E-cadherin staining, ECCD2 antibody was
diluted 1:200, and texas red-conjugated anti-rat Ig anti-
bodies were used at 1:1000. Samples were observed under
a Leica TCSSP confocal microscope. Quantification of
ECDD2 staining was performed by counting the number
of ECCD2 ‘‘spots’’ in basolateral areas on all confocal
sections of 8- and 16-cell stages embryos analyzed under
the confocal microscope.
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Two-cell stage embryos were microinjected in both cells
and then cultured in vitro. Embryos were placed at different
cell stages in special chambers coated with concanavalin A,
fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4) for 30 min at room temperature, washed in buffer, and
postfixed in 1% osmium tetroxide in 0.1 M cacodylate for
10 min. Samples were then dehydrated in an ethanol series,
embedded in epon resin for 48 h at 70jC, cut, and viewed
on a Philips EM 410 electron microscope.
N. Dard et al. / Developme90Fig. 2. Expression of Ez-T567D/GFP inhibits compaction at the 8- and 16-
cell stages. Microinjection of mRNAwas performed at the two-cell stage in
the cytoplasm of one blastomere. Cells expressing the mutant protein do not
compact; they are rounded and not cohesive, while control cells compact
normally; scale bar, 40 Am.Results
Expression of ezrin-T567D/GFP inhibits compaction and
disturbs embryo development
The activation of ezrin requires the phosphorylation of
T567. To address the role of this phosphorylation in mouse
embryos, we replaced this threonine by an aspartate
(T567D) to mimic the phosphorylated state. We micro-
injected mRNAs encoding ezrin-T567D tagged with GFP
(Ez-T567D/GFP) into the cytoplasm of two-cell stage
embryos. The fusion of GFP to the C-terminus of ezrin
disturbs neither the localization nor the function of ezrin in
mouse preimplantation embryos (as shown previously in
Dard et al., 2001). Fig. 1 shows the development of an
embryo expressing Ez-T567D/GFP observed under a video
microscope from the 4-cell stage (48 h postfertilization)
until the 32-cell stage (101.5 h postfertilization). At the 8-Fig. 1. Ez-T567D/GFP expression disturbs mouse early embryo development. Micr
both blastomeres. Embryo development is followed using phase contrast and
postfertilization is indicated on pictures; ‘‘8-cell,’’ ‘‘16-cell,’’ and ‘‘32-cell’’ annotat
the 16-, or the 32-cell stage, respectively; arrowheads show regions of basolateraland 16-cell stages (60 to 81 h postfertilization), compaction
did not take place at all; cells remained rounded and did not
flatten upon each other. In embryos in which mRNAs were
microinjected into only one cell at the two-cell stage (to
have an internal control), only cells derivating from theoinjection of mRNAwas performed at the two-cell stage in the cytoplasm of
the localization of Ez-T567D/GFP using epifluorescence. Time in hours
ions correspond to the stage when a first cell starts to divide and enter the 8-,
accumulation of Ez-T567D/GFP; scale bar, 40 Am.
Table 1
Effects of T567D and T567A ezrin mutants on mouse embryo development
Microinjected mRNA Compaction Cavitation
8-Cell stage 16-Cell stage
Ezrin T567D/GFP 17% (n = 94) 50% (n = 28) 50% (n = 64)
Ezrin T567A/GFP 90% (n = 29) 100% (n = 25) 11% (n = 50)
Ezrin/GFPc 90% (n = 21) 94% (n = 36) 97% (n = 29)
Control 95% (n = 110) 97% (n = 139) 96% (n = 235)
The n values correspond to the total number of embryos analyzed. These
embryos were pooled from different experiments including video
microscopy, immunofluorescence, and electron microscopy, explaining
why this number is different between the different stages analyzed.
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expressing the mutant ezrin were still rounded and excluded
from the mass of noninjected cells (Fig. 2).
Analysis of a larger number of embryos revealed that
only 17% and 50% of embryos expressing this mutant ezrin
compacted normally at the 8- and 16-cell stage, respectively
(Table 1). During the 32-cell stage, numerous cells express-
ing the Ez-T567D/GFP mutant underwent lysis, and finally,
only 50% of embryos reached the blastocyst stage. Howev-
er, in those remaining blastocysts, the cavitation process was
abnormal; the blastocoelic cavity pulsed, retracting almost
completely several times as described previously with
another ezrin mutant (Dard et al., 2001).
Ez-T567D/GFP was uniformly recruited all around the
cell cortex at the four-cell stage (Fig. 1). At the eight-cell
stage, the mutant protein did not accumulate at the apical
pole of the blastomeres, suggesting that, in addition to the
absence of flattening, blastomeres did not polarize. DuringFig. 3. Video-microscope analysis of an embryo expressing Ez-T567A/GFP. Micro
both blastomeres. Embryo development is followed using phase contrast and
postfertilization is indicated on pictures; ‘‘16-cell’’ and ‘‘32-cell’’ annotations corr
32-cell stage, respectively; arrowheads show regions of basolateral accumulationthe 16-cell stage, the mutant protein was still detected in
both apical and basolateral cortexes, and no accumulation at
the apical pole could be observed in outer cells. However,
the protein irregularly accumulated in some basolateral areas
(Fig. 1, arrowheads).
The nonphosphorylatable ezrin-T567A mutant strongly
accumulates in cell contact areas and disrupts embryo
development
Since phosphorylation of threonine T567 is required to
maintain ezrin in an activated form, substitution of this
threonine by an alanine has been shown to inhibit or to
interfere with the activation of ezrin (Gautreau et al., 2000;
Oshiro et al., 1998; Tran Quang et al., 2000). Thus, we
microinjected mRNA encoding the nonphosphorylatable
ezrin-T567A mutant tagged with GFP (Ez-T567A/GFP) in
mouse embryos and followed them by time-lapse video-
microscopy. Embryos compacted normally at the 8-cell
stage and reached the 16-cell stage without any apparent
problem (Fig. 3). However, at the end of the 16-cell stage,
embryos began to abort development, and finally, only 11%
of embryos reached the blastocyst stage (with a significant
delay, about 14 h; Table 1). As for embryos expressing the
Ez-T567D/GFP mutant, the small number of embryos
reaching the blastocyst stage cavitated abnormally.
The mutant protein was almost exclusively cytoplasmic
until the eight-cell stage (Fig. 3). After compaction, some
Ez-T567A/GFP could be detected in cell contacts, but
surprisingly, the protein massively accumulated in baso-
lateral areas during the 16-cell stage (Fig. 3, arrowheads, 74injection of mRNAwas performed at the two-cell stage in the cytoplasm of
the localization of Ez-T567A/GFP using epifluorescence. Time in hours
espond to the stage when a first cell starts to divide and enter the 16- or the
of Ez-T567A/GFP; scale bar, 40 Am.
Fig. 4. Ez-T567D/GFP induces the formation of abnormal membrane protrusions. Confocal microscope analysis of embryos expressing Ez-T567D/GFP. (A)
Projection of 13 confocal sections to visualize long microvilli at the surface of a 4-cell stage embryo; (B) confocal section of a 16-cell stage embryo expressing
Ez-T567D/GFP; arrowheads indicate some areas of basolateral accumulation of Ez-T567D/GFP and membrane protrusions; scale bar, 10 Am.
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Ez-T567A/GFP during the 16-cell stage is exactly the
reverse localization of wild-type ezrin at that stage (Dard
et al., 2001; Louvet et al., 1996).
These experiments indicate that mutation of threonine
T567 (to either mimic or inhibit its phosphorylation) dis-
turbs the localization of ezrin and disrupts mouse embryo
development at early stages.
Regulation of ezrin phosphorylation on T567 is important to
control the formation of microvilli and is involved in the
establishment of cell–cell contacts
Different studies have revealed that the phosphorylation
of this C-terminal threonine was crucial for the activity of
ERM proteins, and mutations at this residue had strong
morphogenic effects in cultured cell lines. Thus, we fixed
embryos expressing Ez-T567D/GFP and Ez-T567A/GFP
and analyzed them under the confocal and electron micro-
scopes. Blastomeres expressing the Ez-T567D/GFP mutant
were covered with very dense and long microvilli (Fig. 4A).
Most of them were about 4 Am (some were 10 Am long, Fig.Fig. 5. Ez-T567D/GFP induces numerous ectopic microvilli. Electron microscope a
16-cell stage embryos; arrowheads point at ectopic microvilli; (C) 16-cell stage c4A, arrowhead), while the normal length of microvilli in the
mouse early embryo is less than 1 Am. Moreover, the protein
was also strongly detected in cell contacts, and abnormal
protrusions formed in those areas (Fig. 4B, arrowheads).
Electron microscope analysis revealed the presence of
numerous microvilli at cell–cell contacts in 16-cell stage
embryos (Figs. 5A and B), while no microvilli were present
in these regions in control embryos (Fig. 5C) or in embryos
expressing the nonphosphorylatable Ez-T567A (Fig. 7).
These microvilli were detected not only in the basolateral
domain, but also in lateral and apicolateral areas where
junctional complexes form (Fig. 5B, arrowheads).
In two- and four-cell stage embryos, the mutant protein
Ez-T567A/GFP was found in the cytoplasm and was hardly
detectable at the plasma membrane except in cell contact
areas where it was slightly enriched (Figs. 6A and B). After
compaction, at the 8- and 16- cell stage, no apical accumu-
lation occurred, but the basolateral staining increased pro-
gressively (Figs. 6C and D). This basolateral localization
was not uniform, and we often observed patch-like accu-
mulations along the basolateral membrane and strong accu-
mulations in apicolateral regions (Figs. 6C and D,nalysis of embryos expressing Ez-T567D/GFP. (A, B) Cell–cell contacts in
ontrol embryo; scale bar, 1 Am.
Fig. 6. Ez-T567A/GFP accumulates in cell contact areas. Confocal microscope analysis of embryos expressing Ez-T567A/GFP. (A) 2-Cell stage embryo, (B) 4-
cell stage embryo, (C) 8-cell stage embryo, and (D) 16-cell stage embryo. Microinjection of mRNAwas performed at the two-cell stage in the cytoplasm of one
cell (C and D) or of both cells (A, B); arrowheads indicate some basolateral areas where Ez-T567A/GFP accumulates; scale bar, 15 Am.
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observed when embryos expressing Ez-T567A/GFP were
analyzed by electron microscopy. However, analysis of
regions in which the Ez-T567A/GFP mutant accumulates
revealed that cell contacts were abnormal in 16-cell stage
embryos (Figs. 7A and B), while these contacts looked
normal in 8-cell stage embryos (Fig. 7C) and in control (Fig.
7D). Cohesion of cells was greatly reduced, but none or
very few membrane protrusions were observed in these
basolateral regions.Fig. 7. Disruption of cell contacts in 16-cell stage embryos expressing Ez-T567A
(A, B) 16-Cell stage embryo; (C) 16-cell stage control embryo; scale bar, 2 Am.These results show that the regulation of ezrin phosphor-
ylation on T567 plays an important role in the formation of
normal cell–cell contacts in the early mouse embryo.
Both Ez-T567D/GFP and Ez-T567A/GFP inhibit
E-cadherin homophilic interactions in the basolateral
domain of the blastomeres
E-cadherin is the adhesion molecule responsible for
cell–cell adhesion in mouse early embryos. Since embryos/GFP. Electron microscope analysis of embryos expressing Ez-T567A/GFP.
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mal cell–cell contacts, they were fixed and immunostained
with an anti-E-cadherin antibody that detects only the
molecules engaged in cell–cell contacts. This monoclonal
antibody, ECCD-2, strongly stains the areas of cell–cell
adhesion in 8- and 16-cell control embryos (Figs. 8I and J).
In embryos expressing Ez-T567D/GFP, very few areas of
cell contacts were positive for ECCD-2 at the eight-cell
stage (Figs. 8A and C); less than five ‘‘spots’’ positive for
ECDD2 were found in 52.5% of cell contacts, while 32.5%
of contacts looked like those of wild-type embryos, al-
though they were less homogeneous. In 16-cell stage
embryos, all cell–cell contacts were highly positive for
ECCD2 staining, with 71.9% of these contacts showing a
staining almost similar to the one observed in wild-type
embryos. (Figs. 8B and D). Moreover, the two staining
patterns were mutually exclusive, the ECCD-2 staining
being found in areas where Ez-T567D/GFP was absent
(Figs. 8C and D).
In embryos expressing Ez-T567A/GFP, areas of cell–cell
contact were positive for ECCD-2 at the eight-cell stage
(Figs. 8E and G) like control embryos (Fig. 8I). However, atFig. 8. E-cadherin localization in embryos expressing T567A and T567D ezrin
expressing Ez-T567D/GFP (A, B, C, D) or Ez-T567A/GFP (E, F, G, H), or in con
stage (B, D, F, H, J); pictures C, D, G, and H correspond to higher magnificatiothe 16-cell stage, E-cadherin staining was less homogeneous
(Figs. 8F and H), being excluded from areas where Ez-
T567A/GFP was accumulated (Figs. 8G and H).
Thus, independently of the phosphorylated state of ezrin,
its presence at the cortex seems to exclude E-cadherin from
these areas.Discussion
Important phosphorylation events occur at the time of
compaction in the mouse embryo. Because different phos-
phorylated forms of ezrin were described in the early mouse
embryo and because phosphorylation of ezrin on the C-
terminal threonine T567 is involved in the control of its
activity, we undertook the characterization of ezrin function
in mouse early development using two mutants of ezrin in
which this threonine was replaced by either an aspartate or
an alanine. The aspartate substitution mimics the phosphor-
ylated state and leads to an activated form. Conversely, the
substitution of the threonine by an alanine leads to a
dominant negative form of the protein (Gautreau et al.,mutants. Confocal microscope analysis of E-cadherin staining in embryos
trol embryos (I, J) fixed at the 8-cell stage (A, C, E, G, I) or at the 16-cell
n of pictures A, B, E, and F, respectively; scale bar, 12 Am.
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structs on early embryo development are likely due to the
mutation rather than to the overexpression of the protein,
since overexpression of wild-type ezrin/GFP chimera has no
effect on preimplantation development (Dard et al., 2001).
Ezrin is directly involved in the formation of microvilli in the
early mouse embryo
Previous studies suggested that ezrin could be involved
in the formation and/or stabilization of microvilli in the
mouse embryo (Dard et al., 2001; Louvet-Valle´e et al.,
2001). In the present study, we showed that expression of
the active ezrin mutant Ez-T567D induced the formation of
numerous ectopic microvilli, which was not the case with
the inactive mutant Ez-T567A. Moreover, the microvilli
induced by Ez-T567D were about four times longer than
the normal microvilli (1 Am), and some were even longer,
reaching 10 Am in length. Thus, since dephosphorylation of
ezrin on T567 is thought to inactivate ezrin cross-linking
activity, the T567D mutation is likely to lock ezrin at the
plasma membrane in an active conformation, leading to a
stabilization and, probably, the elongation of microvilli. Our
results are consistent with similar experiments performed in
cultured cell lines (Gautreau et al., 2000; Oshiro et al., 1998;
Yonemura and Tsukita, 1999) and show that ezrin is directly
involved in the formation of microvilli at the surface of the
blastomeres of the mouse embryo. They also indicate that
phosphorylation of the conserved C-terminal threonine
T567 appears to be critical for the generation of these
microvilli.
Phosphorylation of T567 is important for the control of
ezrin localization
We previously reported that ezrin is present at the cortex
of oocytes and early embryos, where it colocalizes with
microvilli (Louvet et al., 1996). Two forms of ezrin could be
detected at these stages by 2-dimension gel electrophoresis,
the minor form (25% of total ezrin) resulting from the major
one (75%) via a phosphorylation event on serine or threo-
nine residue (Louvet et al., 1996; Louvet-Valle´e et al.,
2001). Moreover, experiments in which soluble and cyto-
skeleton-associated ezrin was separated after extraction by
detergents showed that only a small pool of ezrin (about
20%) is associated with the cortex, while the other 80%
corresponds to cytosolic ezrin (our unpublished data). These
data suggest that the major form ezrin represents the
cytoplasmic pool, while the minor phosphorylated form of
ezrin is likely to be associated with the cortex. Then, we
speculated that cortical ezrin might correspond to the form
in which T567 is phosphorylated. To test this hypothesis, we
used the antibody produced by the group of Tsukita, which
recognizes specifically ezrin phosphorylated on T567 in
tissue cultured cells (Matsui et al., 1998; Yonemura and
Tsukita, 1999). Unfortunately, this antibody did not react atall with our samples, probably because of its low affinity
and because of the limiting amount of protein in mouse
embryos. However, in this study, we found that simulation
of T567 phosphorylation (Ez-T567D) targets very efficient-
ly ezrin to the cortex, while the nonphosphorylatable mutant
(Ez-T567A) remains mainly cytoplasmic, indicating that
phosphorylation of T567 is important for the recruitment
of ezrin to the cortex.
Our data indicate that phosphorylation of T567 also
plays an important role in the dynamic localization of ezrin,
especially at the time of compaction. Indeed, Ez-T567D,
which is blocked in a phosphorylated-like conformation,
was observed in both apical and basolateral cortical
domains throughout early development. However, after
the eight-cell stage, it progressively disappeared from the
basolateral areas, suggesting that association of Ez-T567D
with the basolateral cortex was destabilized. This could be
due to a modification in ezrin-binding properties that would
abolish interaction with its basolateral partners but not with
the apical ones. It is also possible that ezrin is locally
degraded only in the basolateral domain. This hypothesis
is supported by the strong decrease in the total amount of
ezrin at the time of compaction, when it disappears from the
basolateral cortex (Louvet et al., 1996), and by the protea-
some-dependent degradation of ezrin that was reported in
tissue cultured cells (Grune et al., 2002). Here, the over-
expression of Ez-T567D may saturate the degradation
machinery, explaining its slow removing from the baso-
lateral cortex during the eight-cell stage and later. On the
other hand, Ez-T567A, which is blocked in the nonphos-
phorylated conformation, was mainly cytoplasmic but
started to accumulate in cell–cell contact areas, especially
after compaction. This result indicates that Ez-T567A is
able to interact with the cortex. Indeed, Ez-T567A can still
bind to PIP2, interaction that is sufficient to address ezrin to
the membrane (Fievet et al., 2004). This interaction of Ez-
T567A with the cortex can only take place once the
endogenous wild-type ezrin (and thus microvilli) has been
removed from the basolateral domain. This ezrin mutant
cannot be removed from these areas, likely because it may
not be sensitive to degradation (which would require T567
to be phosphorylated) and thus would lead to major defects
in development.
Relocalization of ezrin to the apical cortex at the eight-cell
stage is required for disappearance of basolateral microvilli
and the establishment of cell–cell contacts
During the eight-cell stage, wild-type ezrin disappears
from cell–cell contacts and accumulates at the apical cortex
(Louvet et al., 1996). In parallel, basolateral microvilli
disappear, and cells flatten upon one another through E-
cadherin-mediated adherens junctions, thereby leading to
the compaction of the embryo. Here, Ez-T567D/GFP was
localized all around the cell cortex throughout the early
development, and due to its high morphogenic properties,
N. Dard et al. / Developmental Biology 271 (2004) 87–9796this mutant maintained the presence of numerous microvilli
in areas of cell–cell apposition at the 8-cell stage and later.
Moreover, compaction was abolished in embryos expressing
Ez-T567D. Our results indicate that persistence of ezrin at
the basolateral cortex impairs the disappearance of micro-
villi and the compaction of the embryos.
Persistence of ezrin at the basolateral cortex could
interfere with compaction at different levels. First, inhibition
of microvilli breakdown is likely to disturb membrane
apposition between two adjacent blastomeres, thereby
impairing the formation of normal cell contacts. Second,
ezrin could interfere with the function of the cell–cell
adhesion molecule E-cadherin. Indeed, Ez-T567D could
delay the Rac1-dependent delivery of E-cadherin to the
plasma membrane, as recently reported in epithelial MDCK
cells (Pujuguet et al., 2003). This delay could explain why
only 20% of embryos compact at the 8-cell stage, and while
this proportion reaches 50% during the 16-cell stage.
However, staining for total E-cadherin (the antibody from
Transduction Laboratories recognizes both, E-cadherin en-
gaged in homophilic interactions, and free molecules) was
not reduced at the cell surface, and we did not observe any
accumulation of E-cadherin staining into cytosolic vesicles
(data not shown). Another possibility would be that ezrin
interferes directly with the activation of E-cadherin. Indeed,
even if total E-cadherin staining remained uniform at the
cell surface (data not shown), staining of E-cadherin en-
gaged in cell–cell contacts (the ECCD2 antibody from
Takara recognizes only this form of E-cadherin) was mutu-
ally exclusive with either Ez-T567D/GFP or Ez-T567A/
GFP at the basolateral cortex (Fig. 8). This exclusion was
dynamic and clearly dependent on the presence of the
mutant forms of ezrin; while Ez-T567D/GFP was highly
concentrated at the basolateral cortex at the eight-cell stage,
active E-cadherin was hardly detectable and compaction
was impaired. During the 16-cell stage, the amount of Ez-
T567D/GFP at the basolateral cortex decreased, while the
staining for active E-cadherin increased and the level of
compaction was higher. On the other hand, while Ez-
T567A/GFP was weakly detected at the basolateral cortex
during the eight-cell stage, active E-cadherin staining was
comparable to wild-type embryos and compaction was
normal. When Ez-T567A/GFP accumulated in cell–cell
contact areas at the 16-cell stage, active E-cadherin became
excluded and compaction was impaired. The formation of
stable cell–cell contacts requires the clustering of E-cad-
herin, which is thought to be controlled by the binding of h-
catenin, a-catenin, and p120catenin to the cytoplasmic
domain of E-cadherin. Interestingly, Hiscox and Jiang
(1999) reported the formation of a complex between ezrin,
E-cadherin, and h-catenin in cancer cells, and they found
that conditions that promote phosphorylation (and cortical
recruitment) of ezrin induced a marked decrease in cell
adhesion. Therefore, the presence of ezrin at the basolateral
cortex might modify or impair the interaction of E-cadherin
with catenins and with the actin cytoskeleton, therebyinhibiting the clustering of E-cadherin molecules and the
compaction of embryos.
Our results indicate that persistence of an ezrin-based
cytoskeleton at the basolateral cortex is not compatible with
the establishment of E-cadherin-mediated cell–cell contacts.
The disappearance of ezrin from the basolateral cortex at the
eight-cell stage, possibly through a local proteolytic degra-
dation, is required for microvilli breakdown and allows the
assembly of cell–cell interactions through E-cadherin func-
tion, thereby leading to the compaction of blastomeres.
Before compaction, ezrin is found all around the cortex
of blastomeres, where microvilli can be observed. At these
stages, the phosphorylation of ezrin on threonine T567
likely controls the ability of ezrin to induce the formation
of microvilli. At the time of compaction, the phosphoryla-
tion of T567 plays also an important role to target baso-
lateral degradation, leading to activation of E-cadherin and
formation of stable adherens junctions at cell–cell contacts.
Then, other posttranslational modifications of ezrin (such as
O-glycosylation; Louvet-Valle´e et al., 2001) take place
during trophectoderm formation from compaction to the
blastocyst stage to stabilize the apical pole of microvilli of
fully differentiated epithelial cells. How ezrin interacts with
or regulates the E-cadherin complex remains to be clarified,
as well as how phosphorylation and degradation of ezrin are
controlled during compaction.Acknowledgments
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